The ~3240 Ma Panorama volcanic-hosted massive sulfide (VHMS) district is unusual for its high degree of exposure and low degree of postdepositional modification. In addition to typical seafloor VHMS deposits, this district contains greisen-and vein-hosted Mo-Cu-Zn-Sn mineral occurrences that are contemporaneous with VHMS orebodies and are hosted by the Strelley granite complex, which also drove VHMS circulation. Hence the Panorama district is a natural laboratory to investigate the role of magmatic-hydrothermal fluids in VHMS hydrothermal systems.
Introduction
MANY volcanic-hosted massive sulfide (VHMS) districts are closely associated with subvolcanic intrusions (e.g. Galley, 1993) , leading most authors (e.g. Urabe, 1987; Stanton, 1990; Yang and Scott, 1996) to suggest that some or all of the metals present in deposits were derived directly from degassing magmas. In contrast, other workers (e.g., Franklin et al., 1981; Ohmoto et al., 1983) suggested that most metals were leached from the underlying volcanic pile. In the 3.24 Ga Panorama district of Western Australia a complete cross section of a VHMS hydrothermal system has been preserved at low metamorphic grade (subprehnite-pumpellyite), including the subvolcanic granite and the overlying volcanic package Brauhart et al., 1998) . Hydrothermal alteration and δ 18 O mapping by Brauhart et al. (1998 Brauhart et al. ( , 2000 identified alteration zones formed both by convecting The Interplay of Evolved Seawater and Magmatic-Hydrothermal Fluids in the 3.24 Ga Panorama Volcanic-Hosted Massive Sulfide Hydrothermal System, North Pilbara Craton, Western Australia seawater and by degassing magma. Based on recognition of metal and sulfur depletion zones in the volcanic package, Brauhart et al. (2001) and Huston et al. (2001) suggested that metal lost in the volcanic package underlying the VHMS deposits more than accounted for the metal present in the deposits. However, they also recognized that the granite could have contributed metal, particularly as granite-hosted veins carried significant quantities of Cu, Zn, and Sn (Brauhart et al., 1998) . In this study we use microthermometry, laser Raman spectroscopy, quadrupole mass spectrometry, protoninduced X-ray emission (PIXE), and oxygen and hydrogen isotope analyses to examine in more detail the interrelationship between hydrothermal alteration zones, generated by magma degassing and convecting seawater to (1) establish the contribution of ore metals, sulfur, and fluid by magmas to the Panorama paleohydrothermal system, and to (2) document interactions between magmatic fluids and the seawater convection cell.
Geology of the Panorama Volcanic-Hosted
Massive Sulfide District The Panorama district ( Fig. 1 ; Vearncombe et al., 1995; Brauhart et al., 1998; Morant, 1998) , which is located in the Paleoarchean East Pilbara terrane of the Pilbara craton, contains three major (Sulphur Springs, Kangaroo Caves, and Bernts) and a number of small Zn-Cu VHMS deposits near the top of the volcanic-dominated Kangaroo Caves Formation within the Sulphur Springs Group (Fig. 1 ). This volcanic sequence, which crops out over a strike length of 30 km, was intruded by the subvolcanic and polyphase Strelley Monzogranite, which crops out over an area of 10 × 20 km.
The VHMS deposits are localized below the regionally extensive "Marker Chert," which marks the contact, in most places, between the Kangaroo Caves Formation and overlying turbidites of the Corboy Formation. The Kangaroo Caves Formation is a predominantly tholeiitic sequence of, in stratigraphic succession, andesite-basalt, dacite and rhyolite with coeval microdiorite near the base of the sequence (Brauhart et al., 1998; Van Kranendonk and Morant, 1998) . At the Kangaroo Caves deposit, the Marker Chert is overlain by a few meters of volcanogenic sedimentary rocks, and then by a large dome of rhyodacite breccia (Buick et al., 2002) , which is the upper unit of the Kangaroo Caves Formation.
The Strelley Monzogranite comprises two main phases: (1) a variably porphyritic biotite-hornblende inner phase, and (2) an equigranular hornblende-biotite outer phase that becomes finer grained toward a granophyric carapace against the overlying Kangaroo Caves Formation (Fig. 1 , Brauhart et al., 1998) . Both phases are magnetite series intrusions under the classification scheme of Ishihara (1981) , and contact relationships show that the inner phase intruded the outer phase (Brauhart et al., 1998) . Although the contact between the two phases is sharp, lack of contact metamorphism indicates that the inner phase intruded while the outer phase was fully crystallized but not entirely cooled. Zircon saturation temperatures indicate emplacement temperatures of about 780°C for the inner phase and 820°C for the outer phase (Brauhart, 1999) . Field relationships suggest that the outer phase was emplaced at high structural levels, intruding its eruptive equivalents as a sill prior to intrusion of the inner phase (Brauhart et al., 1998) . Miarolitic cavities and granophyric granite in the outer phase, and porphyritic textures in the inner phase, suggest fluid saturation and a high level of emplacement (cf. Candela, 1991) . Mineralized zones in the Strelley Monzogranite includes vein-hosted Cu-Zn-Pb-Ag-tin (e.g., Wheal of Fortune prospect), minor gold associated with 80 DRIEBERG ET AL.
0361-0128/98/000/000-00 $6.00 80 PD FIG. 1. Geologic map of the northern Pilbara craton, Western Australia (modified from Zegers et al., 1996) . The black box shows the Panorama district (PD), which hosts the volcanic-hosted massive sulfide (VHMS) deposits. The insert displays the location of the northern Pilbara craton in Australia. disseminated sulfides (Morant, 1998) , and molybdenum hosted in quartz-topaz greisen. Trace element data, coupled with the geologic evidence, suggest that the Kangaroo Caves Formation is consanguineous with the Strelley Monzogranite (Brauhart, 1999) .
The age of both the Strelley Monzogranite and the Kangaroo Caves Formation, and by implication, the VHMS deposits are tightly constrained to ~3238 Ma. Buick et al. (2002) reported ages of 3239 ± 2 and 3238 ± 3 Ma (errors are cited at the 95% confidence level) for the outer phase and inner phases of the Strelley Monzogranite, respectively. They also reported an age of 3238 ± 3 Ma for a sample of weakly altered Kangaroo Caves Formation dacite taken 500 m stratigraphically below the Sulphur Springs deposit and a second age of 3235 ± 3 Ma for a sample of the uppermost Kangaroo Caves rhyodacite breccia. Buick et al. (2002) interpreted that mineralization predated emplacement of this breccia as it overlies the Marker Chert, which is interpreted to be related to mineralization. Based on these results and geochemical data of these rocks (Brauhart et al., 1998) , Buick et al. (2002) concluded that the Strelley Monzogranite is a consanguineous, subvolcanic intrusion that was emplaced within its own volcanic edifice (i.e., the Kangaroo Caves Formation). magmatic quartz is completely replaced by hydrothermal quartz. Only quartz-greisen in the innermost parts of greisen bodies, which commonly contains coarse-grained molybdenite and traces of chalcopyrite and pyrite (Fig. 4A) , consist of completely recrystallized rocks. The other forms of greisen contain no sulfide minerals. Rare miaroles in the quartzgreisen contain 30-mm euhedral, zoned quartz crystals.
Vein greisens
Vein-like greisen zones are also present in the outer phase granite, within 1 km of the contact with the inner phase (Fig.  2) . These zones generally initiate at this contact and change from stringer-like greisen zones associated with joints to greisen alteration halos surrounding hydrothermal quartz veins (Fig. 3B) . In stringer zones, chloritic greisen is developed symmetrically ( Fig. 4B ) about subvertical joints that are 1 to 10 cm thick, have a 0.1-to 1-m spacing, and are oriented orthogonal to the granite phase contact. The greisen has sharp contacts with unaltered granite. The joints become filled by internally layered quartz veins that increase in thickness away from the contact to a maximum 0.5 m. Both the greisen and quartz veins contain abundant malachite as the weathering product of chalcopyrite (Fig. 4C ).
Cu-Zn-Sn veins
Semi-massive sulfide veins, with quartz-ankerite-sericite and chalcopyrite-sphalerite-pyrite-cassiterite assemblages, originate in the equigranular outer phase of the Strelley Monzogranite and extend to the base of (and locally into) the volcanic sequence (Fig. 2) . These veins are oriented orthogonal to the granite-volcanic contact and have a subvertical dip. The veins are generally less than 1 m wide but may extend for up to 1 km in length and generally increase in width upsection. The basal zones of the Cu-Zn-Sn veins may consist of subparallel 10-to 15-m-long vein segments in an en echelon array. The vein morphology varies from massive quartz with disseminated sulfides to alternating sulfide-rich and quartz-sericite-rich layers ( Fig. 4D ), but at surface these veins are characterized by coarse, open-textured silica boxwork and pervasive malachite. Diamond drill core from the Wheal of Fortune prospect (Fig. 2) intersected individual veins, up to 0.3 m wide, consisting of massive pyrite-chalcopyrite-sphalerite-cassiterite with only minor quartz. In the core, millimeter-scale sulfide-and oxiderich layers are present in centimeter-scale quartz-ankerite veins. Accessory phases include galena, arsenopyrite, tetrahedrite, hematite, and native bismuth. The veins are surrounded by 1-to 2-m-wide, symmetrically zoned, alteration halos with inner quartz-sericite and outer chlorite-quartz ± ankerite assemblages. The most westerly (i.e., deepest) CuZn-Sn vein is nearly indistinguishable from the vein greisens.
Quartz-chalcopyrite veins
Relatively uncommon, 5-to 25-cm quartz ± carbonate ± malachite veins ( Fig. 4E ) with relic chalcopyrite and pyrite are developed within the upper 100 m of the granophyric outer phase granite (Fig. 2) . Granite wall rocks between the subparallel veins are strongly silicified and chloritized, and vein sets are surrounded by a 0.6-to 1.0-m-wide chlorite-carbonate alteration halo with minor sericite. Crack-seal textures are developed along vein margins as slivers of intensely chlorite altered granite hosted in vein quartz and carbonate. The most common vein texture is massive quartz with disseminated pyrite and chalcopyrite. However, comb-textured quartz that projects into a central limonite and malachitefilled cavity is also common (Fig. 4F) . The veins strike eastwest and generally dip at ~65° toward the south.
Quartz-pyrite veins
Quartz-pyrite veins, which are located in the upper portions of the outer phase Strelley Monzogranite, are oriented orthogonal to the granite-volcanic contact (Fig. 2) and dip subvertically. These veins occur as either isolated or multiple subparallel veins and can be distinguished from other granitehosted vein types by the lack of sulfide minerals other than pyrite and the absence of chlorite in the associated alteration halos. Intense sericite-quartz alteration halos associated with the veins grade into the regional feldspar-destructive sericitequartz alteration in the granophyric granite. The quartz-pyrite veins are composed of either massive quartz with disseminated pyrite, or alternating, centimeter-scale quartz-rich and pyrite-rich centimeter-scale bands (Fig. 4G ). Veins vary in width, from less than 5 to 50 cm wide, and in pyrite abundance along strike. Due to the weathering of the pyrite, quartz surfaces are crusted with very fine grained black hematite and zones of silica boxwork are common. In hand specimen, the quartz is comb textured, but no central cavity was ever observed.
Pegmatites, aplites, and miarolitic cavities
The Strelley Monzogranite contains aplite dikes, pegmatites, and miarolitic cavities, all of which provide evidence for localized magmatic-hydrothermal fluid accumulation within the crystallizing granite (Candela, 1997) . Aplite dikes Notes: Veins are listed in order of occurrence from west to east across the district, i.e., from the bottom to the top of the Panorama VHMS system; horizontal lines divide vein types into groups based on host lithology; abbreviations: alb = albite, ank = ankerite, apy = arsenopyrite, cpy = chalcopyrite, carb = carbonate, cas = cassiterite, cc = calcite, chl = chlorite, ep = epidote, fluo = fluorite, gal = galena, hem = hematite, moly = molybdenite, mu = muscovite, py = pyrite, qtz = quartz, ser = sericite, sph = sphalerite, tetra = tetrahedrite, tpz = topaz, zir = zircon commonly intrude the outer phase granite but are also present in the inner phase granite (Brauhart, 1999) . The finegrained aplite has a paler color than the surrounding granite but has the same mineralogy. The presence of centimeter-to decimeter-scale miarolitic cavities is restricted to granophyric granite. They are visible as circular patches of coarser quartz within the fine-grained granophyre (Fig. 4H) . Pegmatites within the Strelley Monzogranite are rare and are generally restricted to a narrow zone about 1 km below the granite-volcanic contact. The most common types of pegmatite are small, oval-shaped patches (up to 0.5-m max dimension) of coarser grained quartz and K-feldspar, commonly with a thin biotite-enriched zone. A less common, but more enigmatic, type of pegmatite is a quartz-K-feldspar-magnetite pegmatite. These pegmatites are zoned with coarse euhedral K-feldspar crystals forming the pegmatite margin and a central cavity filled with coarse quartz crystals and patches of fine-grained anhedral magnetite. Changes in modal mineralogy of greisens: (A) quartztopaz greisen (1 = inner phase granite, 2 = quartz-fluorite greisens, 3 = quartz-muscovite greisens, 4 = quartz-topaz greisens, and 5 = quartz greisen), and (B) vein-like greisen (1 = outer-phase granite, 2 = stockwork greisens, 3 = vein greisens, and 4 = greisen-hydrothermal quartz veins).
Regional Alteration Zones and Associated Veins in
the Kangaroo Caves Formation Brauhart et al. (1998) also mapped three regional alteration assemblages in the volcanic sequence: chlorite-feldspar-calcite/ankerite-quartz ("background"), feldspar-sericite-quartzankerite, and chlorite-quartz. Except for the chlorite-quartz zone, these zones are mostly conformable with the volcanic stratigraphy (Fig. 2) . Alteration overprinted the entire volcanic sequence and extended into the upper kilometer of the outer phase granite. Late mafic and ultramafic dikes and sills that crosscut the Strelley Monzogranite, Kangaroo Caves Formation, and Corboy Formation were not altered.
The background alteration assemblage, akin to spilitic assemblages in basalt and keratophyric assemblages in felsic rocks, overprints most of the volcanic sequence and the upper part of the outer phase granite. The feldspar-sericite-quartzankerite assemblage, which overprints the background assemblage, is restricted to a generally conformable zone in the upper part of the volcanic sequence. In feldspar-bearing Photographs of greisens, veins, and alteration assemblages: (A) hydrothermal quartz-rich greisen with coarsegrained molybdenite and minor chalcopyrite, (B) stringer-style greisen developed about joint in outer-phase granite, (C) malachite after chalcopyrite in quartz veins and associated greisen, (D) Cu-Zn-Sn vein, (E) quartz-chalcopyrite vein, (F) comb-textured quartz that projects into a central limonite and malachite-filled cavity, (G) alternating quartz-and pyrite-rich bands in quartz-pyrite veins, and (H) miarolitic cavities from granophyric part of outer-phase granite.
assemblages, K-feldspar dominates the top of the volcanic sequence, whereas albite is more abundant at the base. Both the background assemblage and feldspar-sericite-quartzankerite assemblage are overprinted by the feldspar-destructive sericite-quartz (major) and feldspar-destructive chloritequartz (minor) assemblages.
A narrow, semiconformable chlorite-quartz zone is present near the base of the volcanic sequence. Transgressive, fingerlike chlorite-quartz zones, commonly associated with synvolcanic faults, extend from this semiconformable zone to VHMS deposits (Fig. 2) . Brauhart et al. (2001) and Huston et al. (2001) showed that Zn and Cu, as well as Pb, Mo, S, and Ba are strongly depleted throughout the chlorite-quartz zone and in background-altered rocks at the base of the volcanic sequence.
The alteration assemblages as well as the associated veins in the volcanic sequence (Table 1 ) are interpreted to have formed as part of the Panorama seawater-dominated hydrothermal system (Brauhart et al., 1998; Huston et al., 2001) . Semi-conformable feldspar-bearing zones and associated quartz-sericite veins are inferred to represent seawater recharge to the convective hydrothermal cells, whereas the semiconformable and transgressive feldspar-destructive chlorite-quartz zones and associated quartz-pyrite veins are interpreted to mark the path of evolved seawater through a high-temperature reaction zone at the base of the volcanic pile and into transgressive discharge zones prior to exhalation onto the seafloor (Brauhart et al., 1998) .
Quartz-carbonate-pyrite veins
Quartz-carbonate-pyrite veins are abundant within the Kangaroo Caves Formation. Quartz-carbonate-pyrite veins are hosted in mafic-intermediate sills and andesite-basalt in the lower part of the volcanic sequence (Fig. 2) . The veins exhibit no preferred structural orientation except where they formed parallel to lithologic contacts or along flow margins in the andesite-basalt. Veins typically vary in width from 5 to 40 cm and are typically less than 20 m in strike length. The veins consist of quartz and carbonate with minor pyrite, and they lack alteration halos.
Quartz-sericite veins
The top 100 m of dacite, immediately beneath the Marker Chert, contains numerous small veins, breccias, and amygdales characterized by a quartz-sericite assemblage. The veins, breccias, and amygdales typically consist of an outer zone of clear chalcedonic quartz and a central zone of white crystalline quartz. Zones of finely intergrown quartz and sericite also are observed. Rare pyrite, chalcopyrite, and sphalerite are observed in the center of the white crystalline quartz. Amygdales range in size from 1 to 10 cm in diameter, whereas breccia-fill and veins range from 5 to 20 cm in width. The veins and breccias exhibit no preferred orientation and no alteration halos; however, their distribution is restricted to the regional feldspar-sericite-quartz-ankerite alteration zone, therefore they are considered to have formed contemporaneously with this regional alteration zone.
Minor vein assemblages
Other less common vein types, including quartz-epidote veins developed in microdiorite sills at the base of the volcanic pile, siderite and black chert veins developed at the very top of the volcanic pile and in the Marker Chert, and late quartz ± carbonate veins are not described here. The reader is referred to Drieberg (2003) for more details.
Veins in all Rock Types
The 0.1-to 1.5-m-wide quartz veins with variable amounts of carbonate are observed to crosscut the Strelley Monzogranite, the Kangaroo Caves Formation, and the Corboy Formation. These veins, which have no or locally only weak chloritic alteration halos, dip at >60° toward the northwest and the northeast. As these veins cut the overlying Corboy Formation, they are interpreted to postdate the Panorama hydrothermal system and are not considered further.
Order of Occurrence of Vein Types
The widespread hydrothermal veins in the Panorama VHMS district are part of the hydrothermal alteration zones, in both the volcanic rocks of the Kangaroo Caves Formation and the Strelley Monzogranite, based on the (1) restriction of vein types including mineralogy and texture to specific stratigraphic setting and hydrothermal alteration zones, i.e., each alteration zone is characterized by specific vein types that mostly occur only in this alteration zone ( Fig. 2 ; Table 1); (2) consistently NE-trending orientation and subvertical dip of most of the vein types (Drieberg, 2003) , i.e., orthogonal to the monzo-granite-volcanic rock contact and the trend of the regional alteration assemblages (zones); (3) vein types and alteration zones in some cases have compatible alteration minerals (Table 1) ; for example, sericite occurs in both quartzsericite veins and in the feldspar-sericite-quartz-ankerite alteration assemblage in dacite at the top of the volcanic sequence; and (4) P-T conditions of hydrothermal veins and hydrothermal alteration zones are compatible.
Due to the specific nature of the veins, i.e., their occurrence and timing of emplacement is controlled by specific stratigraphic setting and alteration assemblages (zones), the only clear crosscutting relationships observed are for barren quartz ± carbonate veins, which are observed to crosscut both quartz-pyrite veins in the outer phase Strelley Monzogranite and late mafic dikes. For this reason no paragenetic sequence is implied, rather the veins are listed in order of occurrence from the bottom to the top of the Panorama VHMS system.
Results of Fluid Inclusion Studies
Samples evaluated in this study were collected from surface exposures of veins from the volcanic sequence, the Strelley Monzogranite, and diamond core from the Kangaroo Caves massive sulfide orebody. Although all vein types were examined for fluid inclusions, not all veins sampled proved suitable for further analysis. In vein greisens, Cu-Zn-Sn veins, and quartz-pyrite veins, the gossanous zones that represented past concentrations of sulfide minerals were highly weathered, and the acids produced by sulfide weathering also leached the surrounding quartz, leaving only a white friable residue. Hence, with the exception of one Cu-Zn-Sn vein, where unweathered diamond drill core samples were available, samples of these vein types were taken from areas of massive quartz away from the leached gossanous zones.
Detailed petrography revealed that quartz in the (1) vein greisens is of three types-early quartz I, fine-grained, highly irregular quartz II (does not contain inclusions suitable for microthermometry), and late quartz III; (2) hydrothermal veins of the Strelley Monzogranite and volcanic rocks of the Kangaroo Caves Formation is in direct contact (i.e., shares common grain boundaries) with the other vein-forming minerals such as sericite, pyrite, carbonate; and (3) massive sulfide lenses also share common grain boundaries with sphalerite and chalcopyrite. Based on this textural evidence, in addition to the lack of evidence for reactions of quartz with other minerals in the veins or massive sulfide lenses, quartz is interpreted to have formed synchronous with the veins and associated hydrothermal alteration zones, i.e., synchronous with the formation of the Panorama VHMS related hydrothermal system. Consequently, primary and pseudosecondary fluid inclusions types and assemblages are interpreted to represent the hydrothermal fluids that characterized the Panorama VHMS system.
The results of fluid inclusion studies are summarized in Table 2 . Complete results are available in Drieberg (2003) .
Fluid inclusion petrography
Forty-three doubly polished fluid inclusion plates, approximately 100 μm thick, were examined microscopically prior to heating and freezing experiments to record the distribution, size, and type of fluid inclusions, and to determine the spatial, temporal, and textural relationships of these inclusions. Of these, 15 plates were selected for microthermometric measurements. In all samples, fluid inclusions ranged from <1 up to 30 μm in largest dimension and exhibited variable morphologies, from irregular to negative crystal shapes (Figs. 5, 6) . Inclusions with excessively irregular morphologies, indicating necking during postentrapment modification (Roedder, 1984; Goldstein and Reynolds, 1994) , were excluded from microthermometric studies.
Classification of inclusions:
The fluid inclusions were classified into four types based on chemical composition: type I aqueous; type II aqueous-carbonic; type III carbonic; and type IV complex hypersaline. These four types were further subdivided based on inclusion behavior during microthermometry. The volumetric fraction of aqueous liquid (L W ), carbonicdominated liquid (L C ), and vapor phase (V) were estimated at ambient room temperature (21°C) by reference to the volumetric charts of Roedder (1984) and Shepherd et al. (1985) .
Type I inclusions (Fig. 5A ) are aqueous H 2 O-salt inclusions with a two-phase room temperature assemblage of aqueous liquid (L W ) and vapor (V W ). The vapor phase typically occupies 5 to 10% of the inclusion volume (vol %) but occupies up to 50 vol % in the vein greisens ( Type III inclusions, at room temperature, are monophase or two-phase carbonic inclusions comprised of L C ± V C ( Table  2 ; Fig. 5C ). The vapor fraction in these inclusions is highly variable and ranges from zero to 60 vol % vapor.
Type IV hypersaline aqueous inclusions ( Fig. 5D ) consist of three or more phases at room temperature, two of which are aqueous L W and V W . Solid phases such as halite, magnetite, sylvite, calcite, muscovite, etc are present ( Table 2 ). The solids are interpreted as daughter phases, rather than randomly trapped solids. No gases other than H 2 O were detected in the vapor phase of type IV inclusions.
Relative timing of fluid inclusion entrapment: Using the criteria of Roedder (1984) and Wilkinson (2001) , inclusions are categorized as primary, pseudosecondary, or secondary prior to microthermometric measurements. Primary inclusions along growth zones (Fig. 5E ) were preferentially selected for heating/freezing experiments and proton-induced X-ray emission (PIXE) analysis and imaging. Where growth zonation in crystals was absent, an unequivocally primary origin of fluid inclusions could not be determined. In some samples, large solitary inclusions and isolated clusters of inclusions that may represent previous growth zones (e.g., Wilkinson, 2001 ; Fig.  5F ) have been tentatively classified as primary. Fluid inclusion planes that crosscut grain boundaries have been classified as secondary and fluid inclusion planes that crosscut growth zones but not grain boundaries have been classified as pseudosecondary.
Fluid inclusion occurrence, distribution, and assemblages: Each granophyric granite and vein type examined contained distinct combinations of primary, pseudosecondary, and secondary fluid inclusions. Spatially and temporally related fluid inclusions, such as those within an individual growth zone or along a defined fluid inclusion plane, have been classified as a fluid inclusion assemblage (Goldstein and Reynolds, 1994) . The relative timing of fluid inclusion entrapment, inclusion petrography, and fluid inclusion assemblages are summarized for each type of vein in Table 2 .
Primary fluid inclusions in quartz from granophyric granite are type IV hypersaline inclusions. Although numerous solid phases have been identified by laser Raman analysis, the vast majority of primary inclusions fall into two types: inclusions with halite and small (<2 μm) magnetite crystals ( Goldstein and Reynolds, 1994, p. 88−89) halite occupying from 5 to 80% of the inclusion volume. The vapor phase of the hypersaline inclusions is typically small, <5 vol %, and some inclusions with an exceptionally large halite crystal do not contain any visible vapor phase. Rare sylvite crystals have also been identified in both halite + magnetite-bearing and halite-only inclusions. Halite + magnetitebearing primary inclusions in fluorite have also been observed in a gran ophyric granite sample. Quartz in granophyric granite is strongly fractured and planes of secondary type Ia aqueous fluid inclusion are common. Primary fluid inclusions were not observed in quartz-topaz-muscovite greisen samples, which are typically comprised of two or more generations of quartz. Quartz I is relatively coarse grained (up to 10 μm across) and is transected by numerous planes of secondary inclusions with <10 vol % vapor. Rare, isolated, solid-bearing inclusions were observed, but the solids were not identified. of molybdenite-bearing greisen was extensively recrystallized and hosted only secondary planes of inclusions. Given the complexity of secondary fluid inclusion generations, together with the lack of confirmed primary inclusions, microthermometric studies on quartz-topaz-muscovite greisens were not pursued.
Vein greisens contain three generations of quartz precipitated under magmatic to hydrothermal conditions. The fluid inclusion paragenesis for this vein type is complex with multiple generations of inclusions. The inclusions vary from simple two-phase aqueous inclusions with ~5 vol % vapor to complex melt inclusions (Fig. 5G ). Primary fluid inclusions in early hydrothermal quartz I are large, isolated type IV hypersaline inclusions containing daughter crystals of halite, sylvite, iron chloride, muscovite, and/or calcite ( discussed. Primary inclusions in late hydrothermal quartz III are observed as isolated clusters of relatively vapor-rich, 30-to 50-vol % vapor, type Ib aqueous fluid inclusions. The clusters of primary inclusions are crosscut by well-defined planes of secondary type Ib aqueous inclusions (Fig. 6A ). Multiple planes of secondary type Ib or Ia aqueous inclusions crosscut grain boundaries between all generations of quartz. Both primary type Ib and secondary type Ib inclusions randomly contain very fine grained (<1 μm) calcite (identified using laser Raman analysis) grains interpreted as accidentally trapped phases (Drieberg, 2003) .
Most primary fluid inclusions in Cu-Zn-Sn veins occur along growth zones in the cores of quartz crystals; however, these inclusions are too small (<1 μm) for microthermometry (Fig. 6B) . The outer rims of these same quartz crystals contain sulfide minerals and cassiterite intergrown with clear, relatively inclusion free quartz. This interstitial quartz hosts isolated clusters of inclusions ( Fig. 6C) , defining an assemblage of type Ia aqueous and type IIa aqueous-carbonic fluid inclusions with highly variable H 2O-CO2 ratios (Table 2 ). This quartz also contains <5-μm blebs of carbonate, cassiterite, and pyrite together with the fluid inclusions. Pseudosecondary planes of inclusions in CuZn-Sn veins define a second assemblage of type IIa aqueouscarbonic and type III carbonic inclusions. Secondary planes of inclusions contain type Ia aqueous inclusions or, uncommonly, highly irregularly shaped type Ib aqueous inclusions.
Primary fluid inclusions along growth zones ( Fig. 6D ) in quartz in quartz-chalcopyrite veins comprise an assemblage of coexisting type Ia aqueous and type IIa aqueous-carbonic inclusions. The primary fluid inclusions contain highly variable amounts of solids, ranging from a single large crystal to multiple rounded and rectangular solids identified as muscovite and ionic salts by laser Raman analysis. The large variability in solid phases present in the primary type Ia and IIa inclusions, together with multiple crystals of the same solid in an individual inclusion, indicate that the solids are captured phases rather than daughter minerals nucleated after the solutions were trapped as fluid inclusions (Roedder, 1984; Shepherd et al., 1985) . Secondary fluid inclusion planes in quartz-chalcopyrite veins contain only type Ia aqueous inclusions with consistent liquid/vapor ratios and do not contain any solid phases (Table 2) .
Primary fluid inclusions in quartz-pyrite veins consist of type Ia aqueous inclusions along growth zones in quartz (Fig.  6E ). Approximately 25% of the primary inclusions observed contain trapped sericite (Table 2) . Type Ia inclusions are also located in numerous planes of secondary fluid inclusions.
Quartz in quartz-carbonate-pyrite veins hosts only type Ia aqueous fluid inclusions. Distinctly primary inclusions were not observed, with inclusions only observed in isolated clusters or in secondary fluid inclusion planes.
Quartz-sericite veins contain primary type Ia aqueous inclusions along growth zones in quartz. Laser-Raman analyses identified accidentally trapped sericite in 10% of these inclusions (Fig. 6G) . Most secondary fluid inclusion planes contain only type Ia aqueous inclusions, although some planes that cut growth zones in quartz contained an assemblage of type Ia, IIa, and III carbonic fluid inclusions.
Although fluid inclusions in quartz interstitial to pyrite, chalcopyrite, and sphalerite in the massive sulfide lenses are uncommon, they are all primary or pseudosecondary in origin and include only types IIa and IIb with variable liquid/vapor ratios (Table 2) . Although fine-grained sphalerite associated with the main stage of massive sulfide precipitation does not contain fluid inclusions, late-stage sphalerite, associated with a hydrothermal quartz vein, contains fluid inclusions along planes parallel to cleavage. Inclusions in this paragenetically late sphalerite are typically two-phase aqueous inclusions that may contain halite and chalcopyrite (Fig. 6H) . Some fluid inclusions in sphalerite are surrounded by a halo of small black chalcopyrite blebs ("chalcopyrite disease:" Fig. 6H ), which are interpreted to have replaced the sphalerite (cf. Eldridge et al., 1983) .
Microthermometric measurements
Low-temperature measurements: To determine the salinity, major cations and CO 2 characteristics, fluid inclusions were frozen to −190°C, using liquid nitrogen, and then slowly heated to measure phase changes of aqueous and carbonic phases.
With the exception of Cu-Zn-Sn veins, eutectic temperatures (T e ) of primary type Ia aqueous inclusions varied between −26° and −21°C ( Table 2 ), indicating that the dominant salts were NaCl and KCl. Eutectic temperatures of type Ia inclusions in Cu-Zn-Sn veins could not be determined due to the small inclusion size. Primary type Ib aqueous inclusions in the vein greisens had eutectic temperatures between −33° to −25°C, indicating that these fluid inclusions contained significant FeCl 2 and/or MgCl 2 in addition to NaCl ( Table 2) . As several type Ib inclusions contained calcite crystals (see below), the fluid likely also contained CaCl 2 .
The final melting temperatures of ice (T m(ice) ) for primary type Ia inclusions ranged from −10.1° to −3.0°C (Fig. 7A) . Using the formula of Bodnar (1993) , the calculated salinities for type Ia fluids that formed quartz-sericite veins define two modes at 5.3 to 7.7 and 9.1 to 11.2 wt % NaCl equiv (Table 2 ; Fig. 7B ). The range of salinities for primary type Ia fluid inclusions in quartz-chalcopyrite, quartz-pyrite, and quartzcarbonate-pyrite veins are similar, with average salinities of 6.5 wt % NaCl equiv for quartz-chalcopyrite veins, 6.7 wt % NaCl equiv for quartz-pyrite veins, and 7.7 wt % NaCl equiv for quartz-carbonate-pyrite veins (Fig. 7B) . The Cu-Zn-Sn veins contain the most saline primary inclusions, exhibiting salinities up to 14.1 wt % NaCl equiv (Table 2) . Primary type Ib inclusions, which are only present in vein greisens, yielded T m(ice) between −1.5° and −1.0°C (Fig. 7A) , indicating salinities between 1.9 and 2.7 wt % CaCl 2 equiv ( Fig. 7B ; n = 12; using the formula of Zhang and Frantz, 1987) .
Melting of the carbonic phase (T m(CO 2 ) ) in primary type IIa aqueous-carbonic inclusions from Cu-Zn-Sn veins and quartz chalcopyrite veins occurred at −56.6°C (Table 2 ), indicating that the carbonic phase is pure CO 2 . The final dissociation point of CO 2 clathrate (T m(clathrate) ) for these inclusions was 5.7° to 8.7°C (Fig. 7C) . Using the formulae of Bozzo et al. (1975) and Collins (1979) , calculated salinities were 5.3 to 7.9 and 2.6 to 4.1 wt % NaCl equiv for Cu-Zn-Sn veins (n = 5) and quartz-chalcopyrite veins (n = 4), respectively (Fig. 7B) . The T h(CO 2 )(L) values for primary type IIa inclusions were 26.4° to 31.0° and 30.3° to 31.0°C, respectively, all homogenizing to liquid (Fig. 7D ). (ice), (B) wt % NaCl equiv,*, (C) Tm(clathrate), (D) Th(CO 2 )(L), and (E) Th(total)(L-V) of primary, pseudosecondary, and secondary fluid inclusions from the Panorama hydrothermal system. Salinity estimates calculated from the equations of Bodnar (1993) , Zhang and Frantz (1987) , Bozzo et al. (1975) , and Collins (1979) . * = all salinities are reported as wt % NaCl equiv except the type Ib inclusions which are reported as wt % CaCl2 equiv. Fluid inclusion calculations conducted using MacFlinCor (Brown and Hagemann, 1995) .
Type IIa inclusions from the massive sulfide lens had depressed Tm(CO 2 ) values of −57.1° to −56.8°C (Table 2) , indicating the presence of CH 4 and/or N2 (Burruss, 1984) . The carbonic phase of these inclusions mostly homogenized to liquid between 13.0° to 24.5°C (Fig. 7D) , although the carbonic phases in one inclusion homogenized to the vapor at 24.7°C. Salinities calculated from Tm(clathrate) values range from 0.0 to 7.7 wt % NaCl equiv (n = 5; Fig. 7B ). Approximately 30% of these inclusions exhibited evidence of CO2 hydrate formation on the margin of the vapor bubble; however, clathrate-melting temperatures were not reproducible. Based on Tm(ice) data type IIb inclusions in the massive sulfide lenses had two salinity modes at 5.0 to 8.1 (n = 16) and 10.1 to 10.9 wt % NaCl equiv (n = 26), nearly identical to the modes defined for the quartz-sericite veins (Fig. 7B) . However, these values must be regarded as maximum values owing to the presence of clathrate formation.
Pseudosecondary type IIa aqueous-carbonic and type III carbonic inclusions are only located in the Cu-Zn-Sn veins. The T m(CO 2 ) values for both inclusion types range from −56.8° to −56.6°C (Table 2 ), indicating that the carbonic phase is nearly pure CO 2 . Clathrate dissociation temperatures (T m(clathrate) ) range from 7.8° to 8.4°C (Fig. 7C) , corresponding to a salinity range of 3.2 to 4.3 wt % NaCl equiv (Fig. 7B) Figures 7E and 8A , respectively, and Table 2 . Type IV hypersaline inclusions underwent final homogenization via dissolution of the solid phase (T dissolution ); all other inclusions underwent final homogenization via liquidvapor homogenization into the liquid phase (T h(total)(L) ).
The highest homogenization temperatures measured from the Panorama district were of primary type IV halite-magnetite−bearing inclusions in granophyric granite. Both haliteonly and halite-magnetite inclusions displayed homogenization of the vapor bubble between 110° and 150°C. The halite-only inclusions, however, displayed final homogenization via the dissolution of the halite daughter crystal (T dissolution(NaCl) ) over the temperature range of 180° to 370°C (Fig. 8B) . One halitemagnetite inclusion recorded a higher T dissolution(NaCl) of 409°C and another decrepitated at 537°C before the halite had dissolved (Fig. 8B) .
The T h(total)(L) of primary type Ib inclusions from quartz III in the vein greisens ranged from 295° to 380°C (Fig. 7E) . For the type IV hypersaline inclusions in quartz II, Th(total)(L) of the vapor-phase is observed between 85° and 200°C (Fig. 8A) , whereas the daughter crystals display dissolution temperatures (T dissolution(daughter crystals) ) between 160° to 490°C (Fig. 8B) . Four T h(total)(L) measurements of primary typle Ia inclusions from Cu-Zn-Sn veins yielded a range of 140° to 270°C (Fig.  7E) . Primary type IIa inclusions from these veins homogenized over a higher temperature range (240°−310°C), with most (four of five fluid inclusions) homogenizing between 290° and 310°C (Fig. 7E) .
Primary type Ia inclusions had similar ranges in T h(total)(L) for both quartz-pyrite (150°−215°C) and for quartz-carbonate-pyrite veins (165°−225°C) for the quartz-carbonate-pyrite veins (Fig. 7E) . In contrast, sericite-quartz veins are characterized by fluid inclusions with lower temperatures (T h(total)(L) from 90°−225°C; Fig. 7E ) that define two populations when the sample locations are considered (Table 2) . Primary type Ia inclusions in quartz-sericite veins proximal to VHMS hydrothermal discharge zones had higher temperature (163° ± 25°C 1 ) than similar inclusions in distal veins (117° ± 21°C; Table 2 ). Proximal quartz-sericite veins have T h(total)(L)~4 0°C cooler than average homogenization temperatures of primary type IIb inclusions in the massive sulfide lenses (206° ± 25°C). The T h(total)(L) values for primary type IIa inclusions in the massive sulfide lenses (248° ± 10°C were typically higher than the values for coexisting type IIb inclusions, by up tõ 40°C (Table 2) . For the type IV hypersaline inclusions from quartz and fluorite in the granophyric granite that only contained halite, the 94 DRIEBERG ET AL.
0361-0128/98/000/000-00 $6.00 94 1 Uncertainty indicated is one standard deviation. Sterner et al. (1988) and Bodnar and Vityk (1994) . Fluid inclusion calculations conducted using MacFlinCor (Brown and Hagemann, 1995). halite dissolved between 180° and 368°C (n = 13; Fig. 8B ), yielding a calculated (formula of Sterner et al., 1988) salinity range of 30.9 to 44.1 wt % NaCl equiv (Fig. 8C) . For inclusions that contain halite and magnetite, the halite dissolved over a temperature range of 410° to 540°C (n = 5; Fig. 8B ), yielding a calculated salinity range of 48.4 to 64.9 wt % NaCl equiv (Fig. 8C ). An additional four magnetite-bearing inclusions decrepitated at 540°C prior to halite dissolution, indicating a minimum salinity of 64.9 wt % NaCl equiv (Fig. 8C) . In one magnetite-bearing inclusion, sylvite was present, dissolving at 296°C (Fig. 8B) .
In the vein greisen samples, complex hypersaline inclusions yielded sylvite dissolution temperatures between 160° and 270°C (n = 2; Fig. 8B ), yielding a calculated salinity of 30.1 to 36.0 wt % KCl equiv (Fig. 8C ). Halite crystals dissolved over a temperature range from 295° to 489°C (n = 4) for the halite-only and halite-muscovite−bearing inclusions yielding a salinity range from 37.8 to 58.3 wt % NaCl equiv (Fig. 8C) . The highest salinity inclusions in the vein greisens were the halite-iron chloride inclusions. Although these inclusions typically decrepitated at high temperatures before the solid phases had dissolved, in rare instances, the halite crystal dissolved at either 475° or 489°C and the iron chloride dissolved at 450°C (Table 2 ; Fig. 8B ). Neglecting the presence of the iron chloride, the halite dissolution temperatures yield salinities of 56.4 and 58.3 wt % NaCl equiv (Fig. 8C) .
Quadrupole mass spectrometry analyses
In order to determine the abundance of gases in the Panorama hydrothermal system, fluid inclusion bulk volatile analyses were performed using quadrupole mass spectrometry on samples from all major regional vein types and massive sulfide zones. Analyses were undertaken on 26 crushed samples of quartz and two of pyrite that were handpicked to ensure >98% purity. The quartz samples were selected from samples for which microthermometric data were collected.
Of the 28 samples analyzed, only two yielded low gas volumes and are excluded from further discussion. All analyses are presented in Table 3 . The principal component of the fluid inclusions was H 2 O, which ranged from 67 to over 97 mol %. The CO 2 was usually second in abundance, although the concentrations were quite variable and ranged from 2.3 to 30 mol %. Samples from different vein types or massive sulfides displayed significant intrasample heterogeneity (Table 3) , suggesting either a large variation of the gas content within vein types and sulfides or that the results reflect the mixture of crushed primary and secondary fluid inclusions. In many samples, the total of H 2 O and CO 2 in the inclusion fluid was over 96 mol %, resulting in a tight array in a plot of H 2 O versus CO 2 concentration (Fig. 9A) . Analyses that contained significant concentrations of gases in addition to H 2 O and CO 2 plot below the array.
Methane and N 2 made up most of the remaining gaseous species (Fig. 9B) . Methane concentrations ranged from 0.018 to 6.6 mol %, whereas N 2 ranged from 0.29 to 3.3 mole %. Trace gases that were detected include Ar (0.007−0.11 mol %) and C 2 H 6 (to 0.25 mol %). Helium and HF, though detected in all samples at levels near detection limit, are not reported. SO 2 and H 2 S were uncommon and generally occurred in trace amounts (<0.0075 mole %) when present. In samples where H 2 S and SO 2 were both detected, H 2 S was typically present in greater amounts (Table 2 ). An exception was a vein sample from the VHMS stockwork that contained substantially more SO2 than H 2 S. Isobaric interferences precluded determinations of NH 3 and HCl.
Proton-induced X-ray emission (PIXE) analyses
Samples selected for PIXE nuclear microprobe (NMP) analysis included samples from granophyric granite, quartzchalcopyrite veins, Cu-Zn-Sn veins, quartz-sericite veins, and baritic massive pyrite from the Kangaroo Caves deposit. Prior to analysis, inclusions were characterized according to vein and inclusion type as described above. With the exception of two secondary inclusions in a granophyric granite sample, only inclusions of known primary origin were analyzed. More detailed descriptions of the samples and the analytical results are presented in Table 4 .
Although PIXE NMP microanalysis detected a wide range of elements in the granophyric granite and vein samples, no elements were detected in the fluid inclusions in quartz or barite from the massive sulfide lenses. This confirms the interpretation based on microthermometry that inclusions from the massive sulfide lens belong to the simple H 2 O-NaCl ± CO 2 system and contain only light elements (Z <16) which the PIXE NMP is unable to detect. Analyses of fluid inclusions in barite were further handicapped by a requirement for additional X-ray filtering to protect the Si(Li) detector from saturation due to Ba L X-rays. This prevented detection of several elements of interest. As the analyses of fluid inclusions in the massive sulfide sample yielded no detectable elements, the X-ray spectra were not processed; hence analyses of massive sulfide samples are not listed in Table 4 .
In primary hypersaline inclusions (type IV-A, -B) from gran ophyric granite, the major cations detected were Fe, K, Mn, and Ca. Although Mn was present in all inclusions, its concentration was greatly elevated in two fluid inclusions that contain unusual daughter crystals, but no halite (samples VN3-3 and VN3-4A). All inclusions were too deep (i.e., >10 μm) for accurate Cl analysis, with most of the low-energy Cl X-rays absorbed by the host quartz. Based on microthermometry, these inclusions contained 31 to 65 wt % NaCl equiv, equivalent to 19 to 39 wt % Cl. However, the apparent Cl concentrations estimated by the PIXE ranged from 1.7 to 11.4 wt %, reflecting the absorbance of the Cl X-rays, depth and thickness estimation and assumptions about density. The Br X-rays are more energetic and were not absorbed by quartz. Bromine is present in all granophyric granite brine inclusions, at values between 70 and 540 ppm. Rubidium is present in a majority of granophyre inclusions at values ranging from 89 to 700 ppm, although Ba and Sr concentrations were generally below detection limits. The transition elements, Cu, Zn, and Pb, were present in most inclusions; As was rarely detected; and Co concentrations were always below detection. Concentrations for the ore metals ranged from 45 to 960 ppm for Cu, 250 to 4,400 ppm for Zn, and 260 to 1,300 ppm for Pb.
The fluid inclusions (two-phase L-V inclusions in growth zones, exact type is unknown due to very small (1−2 μm) sample size) analyzed in a Cu-Zn-Sn vein sample had a variable chemical signature. The concentrations of the major cations, K, Ca, and Fe, allow the inclusions to be divided into two types: type A has Fe >>Ca, K, whereas type B has K, Ca >>Fe (Table  4) . Neither inclusion type contained detectable Br, Rb, Sr, or Mo. The concentrations of transition and posttransition elements were highly variable. Zinc concentrations were typically below 310 ppm, Pb was only rarely detected in inclusions, but, when detected, Pb concentrations range from 420 to 1,100 ppm. Copper was detected in the majority of inclusions analyzed, but in concentrations between 690 ppm to 3.8 wt %. When compared with quartz-sericite veins in the volcanichosted hydrothermal system, the concentration of Cu decreases with increasing Mn/Fe (Fig. 10) , as does the concentration of Sn. In contrast, Br content increases ( Fig. 10; Table 4 ).
In the quartz-chalcopyrite vein sample, most fluid inclusions (type Ia) analyzed contained trapped muscovite, as well as sylvite and other unidentified daughter crystals. The presence of muscovite and sylvite was reflected by the dominance of K, with apparent fluid concentrations of 0.3 to 37.3 wt %. Barium was the second most abundant cation, with apparent concentrations mostly between 890 and 2,400 ppm, with one outlier at 1.9 wt %. As the high Ba inclusion also returned an analysis of 37.3 wt % K, it is likely that the Ba was in muscovite, not in solution. For the remaining alkali and alkaline earth metals, Ca, Rb, and Sr are present at up to apparent levels of 4,100, 560, and 270 ppm, respectively. Concentration estimates for Cl range from 2.1 to 8.5 wt %. Similarly, some or all of these elevated concentrations may be tied up in daughter crystals or trapped minerals. These values are in agreement with salinities calculated from microthermometry data, which range from 1.6 to 5.2 wt % Cl. Bromine is also present in fluid inclusions from the quartz-chalcopyrite vein sample, but at concentrations generally lower than for the hypersaline inclusions in granophyric granite. With the exception of Mo, the full suite of transition metals (Mn, Fe, Co, Cu, Zn) was detected in most fluid inclusions from the quartzchalcopyrite vein sample. Copper concentrations ranged from 30 to 150 ppm, and Zn concentrations ranged from 50 to 440 ppm. The posttransition metals Sn and Pb were not detected, but As was present in a majority of inclusions at concentrations that range from 110 to 930 ppm.
The three fluid inclusions (type Ia) analyzed from a quartzsericite vein had relatively homogeneous compositions. The dominant cation is K at concentrations between 2.7 and 6.2 wt %. These high values reflect the presence of small sericite crystals in the fluid inclusions. The second most abundant cation is Ba at levels between 800 and 3,600 ppm. Calcium, Sr, and Rb are generally not present at levels above the detection limits. All inclusions contain Fe (230−280 ppm), Mn (48−140 ppm), and Co (33−170 ppm). The concentration of Cu ranges from 72 to 240 ppm and the concentration of Zn ranges from 73 to 190 ppm. The remaining elements measured, As, Br, Rb, Sr, Mo, and Pb, generally do not occur in the inclusions at concentrations above the detection limits.
Results of Stable Isotope Studies
The major regional vein types, the massive sulfide, and unaltered granite were analyzed for oxygen and hydrogen isotopes. Hydrogen isotopes were measured using two methods: (1) quartz, and (2) measurement of −OH bonded to the crystal lattice of chlorite and sericite. Additional carbon isotope analyses of CO 2 trapped in fluid inclusions and carbon and oxygen isotope analyses of carbonate minerals associated with regional alteration are presented in Drieberg (2003) .
Oxygen isotope analysis of quartz
The δ 18 O quartz values for all regional hydrothermal vein types at Panorama ranged from 7.0 to 18.6‰ (n = 30; Table  5 Matsuhisa et al. (1979) . Where fluid inclusion homogenization data were not available, the temperature was estimated using other methods, as described below.
As primary fluid inclusions in quartz-chalcopyrite veins contain abundant large muscovite crystals that did not dissolve during heating, the δ 18 O H 2 O values were calculated using an estimated temperature of 400°C. This temperature was selected because it is hotter than the homogenization temperatures of the Cu-Zn-Sn veins, which the quartz-chalcopyrite veins paragenetically predate.
Fluid inclusion homogenization temperatures were not obtained for quartz-topaz greisen samples. However, as vein greisens are paragenetically related to quartz-topaz greisens, but formed at a shallower level in the granite, the formation temperature of quartz-topaz greisen was likely hotter than that of the vein greisen, which had primary homogenization temperatures of up to 490°C. As the depth of formation of vein greisen requires a 100°C pressure correction, yielding a trapping temperature of 590°C, a temperature of 600°C has been used to calculate δ 18 O H 2 O values for the quartz-topaz greisen samples.
Owing to uncertainty in estimating temperatures for the quartz-chalcopyrite veins and quartz-topaz greisens, a larger amount of uncertainty must be attached to δ 18 O H 2 O estimated for these samples. Geologic and paragenetic constraints on these samples suggest that, if anything, the temperature estimates are too low. If this is the case, the true δ .2‰. In both quartz-sericite vein and the massive sulfide samples, the large spread in calculated δ 18 O H 2 O values may reflect a wide range in temperatures of formation, as the oxygen isotope fractionation between quartz and water is highly temperature dependent (Chacko et al., 2001) .
Hydrogen isotope analyses of fluid inclusion waters and hydrous phyllosilicates
As fluid inclusion waters were directly analyzed for their δD composition, no fractionation equation is required. Fluid inclusion δD H 2 O values for all vein types overlap with a range between −48 and −18‰ (Table 5 ). There are no systematic differences in δD H 2 O values between granite-and volcanic-hosted veins, with δD H 2 O values ranging between −48 and −18 and −48 and −23‰, respectively. One analysis of fluid inclusions in quartz from a pegmatite yielded δD H 2 O of −29‰. Analyses of quartz from the massive sulfide lenses yielded a large range in δD H 2 O values from −64 to −30‰ and the one VHMS-related stringer vein had a δD H 2 O value of −38‰ ( Table 5) .
The δD mineral analyses ranged between −68 and −36‰, with chlorite analyses ranging from −68 to -54‰, and sericite analyses ranging from −59 to −36‰. Two analyses were made on unweathered drill core samples from the Cu-Zn-Sn vein. Sericite from the inner margin of the alteration halo, proximal to the vein, returned a δD value of −36‰, and chlorite from the distal portions of the alteration halo returned a δD value of −54‰. Sericite from quartz-sericite veins had a δD value of −46‰ (n = 2). Chlorite δD values from stringer veins and breccias beneath the massive sulfide lenses were relatively consistent and ranged between −68 and −61‰, for an average value of −64 ± 3‰ (n = 5). Although sericite is present in trace amounts through much of the massive sulfide lenses, it is rarely present in concentrations sufficient to provide a pure separate. Only one quartz-sphalerite-pyrite-sericite sample from the upper portions of the Kangaroo Caves deposit yielded sufficient sericite to analyze and returned a δD value of −59‰.
As ΔD chlorite-H 2 O has a narrow range of −30 to −40‰ between 200° and 500°C (Graham et al., 1987) , δD H 2 O was calculated from chlorite δD data assuming a ΔD chlorite-H 2 O of −35‰. As the low-temperature ΔD sericite-H 2 O fractionation curve is poorly calibrated and high-temperature fractionation data cannot be extrapolated to lower temperatures (Vennemann and O'Neil, 1996) , ΔD kaolinite-H 2 O was used as a proxy for ΔD sericite-H 2 O to estimate δD H 2 O values from δD sericite and pressure-corrected homogenization temperatures from coexisting quartz. This substitution is valid as both Marumo and Kuroda (1980) and Vennemann and O'Neil (1996) concluded that ΔD sericite-H 2 O and ΔD kaolinite-H 2 O are nearly equal. The δD H 2 O values are presented in Table 5 .
For Cu-Zn-Sn veins, both the sericite in the inner alteration halo and chlorite in the outer halo equilibrated with a fluid having a δD H 2 O of about −20‰ (Table 5 ). This suggests that chlorite and sericite precipitated from the same hydrothermal fluid or isotopically similar fluids. In the former case, the zoned alteration halo is a result of water-rock interaction or a temperature gradient. In contrast, the δD H 2 O values from fluid inclusion analyses are depleted in deuterium and range between −48 and −31‰, suggesting that secondary fluids may have shifted the isotopic signature from that of the primary fluid inclusions.
The sericite-rich alteration halo surrounding type quartzsericite veins yielded δD H 2 O of −26‰ (n = 2) at a temperature of 150°C. Consideration of the full range in fluid inclusion homogenization temperatures, from 90° to 225°C, yielded a range in δD H 2 O values from −20 to −29‰ (Table 5) The δD H 2 O of water in equilibrium with sericite from the massive sulfide lens is about −40‰. This is isotopically lighter than the δD H 2 O calculated from chlorite in stringer-style veins and breccia zones beneath the massive sulfide lenses which ranged from −33 to −26‰. The δD H 2 O values from fluid inclusions from the massive sulfide lenses and the stringer-style veins range between −48 and −30‰ (excluding one outlier at −64‰) and correlate well with both the sericite and chlorite analyses (Table 5) .
A Model for the Panorama Hydrothermal System
Data presented above indicate that primary fluid inclusions in veins and massive sulfide in the Panorama VHMS deposits record the passage of several different hydrothermal fluid types. The close spatial association of these vein types with alteration assemblages was used by Brauhart et al. (1998) to argue that they formed at the same time as, and are genetically linked to, the VHMS deposits. This inference is supported by similar Pb isotope ratios of galena from the Zn-Cu-Sn vein in the outer phase Strelley Monzogranite to those in both the Kangaroo Caves and Sulphur Springs VHMS deposits (Huston et al., 2002) .
Given the subaqueous geologic setting and the presence of a relatively large subvolcanic granite in the Panorama VHMS district, the two major fluids present were most likely (evolved) seawater and magmatic-hydrothermal fluid. Late quartz ± carbonate veins have been excluded from this interpretation given their likely metamorphic origin (Drieberg, 2003) . The third likely fluid present in the hydrothermal system was the hydrothermal fluid that formed the VHMS deposits. However, it must be borne in mind that fluid inclusions in the VHMS deposits probably only record a "spent" fluid, which is after the ore metals have been deposited. In the following discussion we use fluid inclusion and stable isotope data presented above to develop a model for the hydrothermal system that formed the Panorama VHMS deposits.
Characteristics of end-member fluids in the Panorama hydrothermal system
Using data from this study and published literature, the following section delimits the characteristics of the likely endmember fluids in the Panorama hydrothermal system, Archean seawater and magmatic-hydrothermal fluid. These characteristics are summarized in Table 6 .
Archean seawater: Salinity data from quartz-sericite veins, which are from the upper 100 to 200 m of the hydrothermal system, therefore well removed from VHMS orebodies, yielded salinities of 9.1 to 11.2 wt % NaCl equiv (Fig. 7B) . These inclusions, which we interpret as the least modified primary Archean seawater ( Table 6 ), suggest that Archean seawater may have been significantly more saline (by a factor of about three) than modern seawater, a result consistent with secular variations discussed by Knauth (2005) and with results from the Neoarchean Blake River Group in the Abitibi subprovince of Canada (Weiershäuser and Spooner, 2005) .
Hydrogen isotope analyses on fluid inclusion of the same quartz-sericite samples yielded dD values of −26 and −29‰, which is consistent with the lower end of the range estimated by Sheppard (1986) for seawater between 2500 Ma and present. Lower values for seawater δD are perhaps the product of the early loss of hydrogen from the atmosphere (cf. Tian et al., 2005) .
Magmatic-hydrothermal fluids: Primary inclusions in granophyric granite and the vein greisen allow Panorama-specific magmatic-hydrothermal fluids to be defined. Type IV hypersaline inclusions in the granophyric cap to the outer phase Strelley Monzogranite most likely represent the immiscible aqueous phase present during the crystallization of this granite phase. The fluids were highly saline, containing between 30 and >65 wt % NaCl equiv (Fig. 8C) 1 Estimated from pressure-corrected fluid inclusion microthermometry data 2 Estimated from fluid inclusion microthermometry data 3 Based on quadrupole mass spectrometry analyses for fluid inclusions 4 Based on PIXE proton microprobe data; values are rounded averages of data in Table 4 5 Large amounts of Sn were detected, but quantitative estimates of composition are not reliable 6 Estimated based on calculated fluid δ 18 O and δD data presented in Table 5 7 Estimated based on fluid inclusion data and MacFlinCor (Brown and Hagemann, 1995) the main component in solution, as indicated by the ubiquitous presence of halite daughter minerals, PIXE NMP analysis indicated the fluids also contained appreciable amounts of Fe, K, Ca, Mn, and Br, in addition to Zn, Pb, and Cu. The large variety of daughter minerals and captured phases reflect this complexity. This fluid is interpreted as the fluid that was released from the outer phase of the Strelley Monzogranite (Table 6) .
Oxygen isotope analyses of magmatic quartz from least altered granite, combined with a temperature estimate of 820°C (Brauhart, 1999) , suggest that the magmatic-hydrothermal fluid that initially evolved from the inner phase of the Stelley Monzogranite had a δ 18 O H 2 O value of ~9.2‰ (Table  4) . A single δD analysis of fluid inclusion waters from magmatic quartz yielded a value of −29‰. These values are within the field of magmatic-hydrothermal fluids associated with arc and crustal felsic magmas as defined by Taylor (1992) and Hedenquist and Lowenstern (1994) and approximate the characteristics of magmatic-hydrothermal fluids evolved off of the outer phase Strelley Monzogranite (Table 6) .
Type IV hypersaline inclusions from endocontact quartztopaz greisen bodies, which are interpreted to have formed as a result of the exsolution of a magmatic-hydrothermal fluid from the inner phase monzogranite (cf. Haapala, 1997; Thomas and Klemm, 1997) , yielded a salinity range of 38 to 56 wt % NaCl equiv (Fig. 8C) . Analyses of quartz from quartz-topaz greisen, combined with a temperature of 600°C, yielded an average δ 18 O H 2 O value of ~9.3‰. Analysis of fluid inclusion waters from this quartz yielded an average δD value of −31 ± 8‰ (Table 4) . These fluids are also complex, as indicated by the common occurrence of a large variety of daughter minerals. However, PIXE NMP data are not available for these inclusions.
Using the program MacFlincor (Brown and Hagemann, 1995) , type IV hypersaline inclusions from the granophyric granite and endocontact greisen bodies had densities of about 1.2 to 1.4 g/cm 3 . However, if the volumes of daughter minerals such as magnetite are considered (Drieberg, 2003) , this estimate rises to 1.6 to 1.9 g/cm 3 . It is likely that the true densities lie somewhere between the estimates (Table 6 ).
The evolution of the Panorama hydrothermal system
Although the overall geologic and limited geochronological evidence suggests that eruption of the Sulphur Springs Group, emplacement of the two phases of the Strelley Monzogranite, and hydrothermal fluid flow occurred during a time period of at most a few million years, local geologic relationships can be used to infer a chronology of these events and develop a model for the interaction of these events to form VHMS deposits at Sulphur Springs and Kangaroo Caves. Figure 11 schematically illustrates this model, which ties hydrothermal fluid flow to the emplacement of the two phases of the Strelley Monzogranite.
Intrusion of outer-phase monzogranite and main-stage seawater convection: The first event recorded in the regional vein system (Fig. 11A) is a consequence of the intrusion of the outer-phase granite into the microdiorite sill at the base of the volcanic pile. This event consists of discontinuous veins and patches of magnetite, chlorite, quartz, albite, pyroxene, and epidote that formed when hot granitic magma intruded cool, water-saturated volcanic strata causing instant, but highly localized, volatile saturation (Galley, 2003) within tens of meters of the granite-volcanic contact. These features are analogous to hydrothermal-magmatic alteration phases reported by Galley (2003) in the subvolcanic intrusive complexes at the Neoarchean Noranda and Paleoproterozoic Snow Lake VHMS districts.
Evidence from the granophyric carapace and from miarolitic cavities, aplite dikes, and pegmatites in the outer phase of the Strelley Monzogranite suggests that crystallization of this magma produced highly saline magmatic-hydrothermal brines enriched in Zn, Pb, and Cu. The most likely manifestations of this fluid flow are quartz-chalcopyrite veins that are developed within the upper 10 m of the granophyric carapace. These veins are interpreted to be most likely granite related as they are restricted to the outer-phase carapace, the associated fluids were 18 O rich, more like magmatic-hydrothermal fluids than evolved seawater, and they are overprinted by alteration assemblages interpreted to be associated with the influx of evolved seawater (cf. Brauhart et al., 1998) . These veins are not extensive, suggesting that involvement of magmatic fluid in the early part of the Panorama hydrothermal system was limited.
The hydrothermal activity associated with the intrusion of the outer-phase monzogranite was dominated by seawater and produced the regional alteration patterns described by Brauhart et al. (1998) . The mineralogy of these alteration assemblages and their spatial distribution within the Panorama district are similar to those observed in many regional VHMS alteration systems (cf. Galley, 1993) . During the main stage of massive sulfide formation (Fig. 11A) , stable hydrothermal convection cells were initiated by the high-level emplacement of the outer-phase granite beneath the seafloor (Spooner and Fyfe, 1973; Heaton and Sheppard, 1977) . As cold seawater was drawn below the seafloor through broad recharge areas, it was heated by the elevated thermal gradient associated with the cooling intrusion, resulting in a series of progressively higher temperature fluid-rock reactions (Galley, 1993; Alt, 1999; Seyfried et al., 1999) . These reactions caused the seawater to change in composition from a weakly alkaline, cold fluid to an acidic, hot, moderately reduced fluid capable of stripping and maintaining metals in solution, principally as chloride complexes (von Damm, 1995; Seyfried et al., 1999) . As this evolved seawater increased in temperature, the density of the fluid decreased, eventually rising toward the seafloor along discharge zones. Near or at the seafloor, mixing with seawater caused quenching of the fluids to precipitate sulfides, silicates, sulfates, and carbonates as massive sulfide lenses and subseafloor vein stockwork systems (Galley, 2003) .
The semiconformable feldspar-sericite-quartz-ankerite alteration zone at the top of the volcanic pile represents recharge areas where cool seawater flowed diffusely into the volcanic strata ( Fig. 11A; Brauhart, 1999) . Quartz-sericite veins are restricted to this zone and are interpreted to have formed as an integral part of this alteration assemblage. Fluid inclusion and stable isotope analyses indicate that these veins precipitated at low temperatures (90º−135ºC) from the Archean seawater end-member fluid (Table 6 ). The altered rocks are enriched in K and Si but are depleted in Ca, Na, Fe, and Mn , consistent with K-rich but Fe-, Mn-, and Capoor fluids documented from the fluids inclusions.
As the evolving seawater passed deeper into the volcanic pile, higher temperature fluid-rock reactions produced semiconformable "background" spilitic alteration assemblages between 140° and 300°C, with the majority of Na metasomatism occurring above 200°C (Galley, 1993; Brauhart, 1999) . Leaching of alkali elements from the rocks and fixing of Mg from the evolving fluid into the rock as chlorite caused the pH to decrease (Alt, 1995 (Alt, , 1999 , resulting in a highly aggressive fluid when it entered the high-temperature (>300°C) reaction zone.
The high-temperature reaction zone in the Panorama VHMS district is defined by both semiconformable and transgressive zones of feldspar-destructive chlorite-quartz alteration (Fig. 11A) . These zones underwent extensive stripping of alkali elements as well as ore metals , producing the ore fluid that precipitated the Sulphur Springs and Kangaroo Caves VHMS deposits at and just below the seafloor. This fluid was a high-temperature (up to 350°C based on metal assemblages although the maximum recorded temperature from fluid inclusions in the massive sulfide lens was 270°C), moderately saline, H 2O-CO2-NaCl solution that was enriched in Fe, K, Ba, and S, as well as carrying large amounts of Cu, Pb, and Zn (Table 6 ). The variable salinity of these fluids, from 5 to 11 wt % NaCl equiv, together with the variable but generally enriched volatile contents, reflect episodic phase separation in the deep-seated reaction zone at the base of the volcanic pile (see below). However, PIXE NMP analyses of fluid inclusions in the massive sulfide lens indicate that these fluids did not contain detectable base metals, suggesting that prior to being trapped the fluids had deposited their metal load, thus represent "spent" fluids. The massive sulfide lenses formed at the seafloor as the rising VHMS hydrothermal fluids mixed with both heated, unevolved seawater and cold, ambient seawater.
Sulfide textures in felsic volcanic rocks in the immediate footwall to the VHMS orebodies indicate a subseafloor setting for much of the ore (Vearncombe, 1995) . However, significant volumes of the massive sulfides are hosted directly within hydrothermal chert deposited onto the seafloor (Vearncombe, 1995) . Primary massive sulfide textures led Vearncombe (1995) to propose a depositional setting analogous to modern black smoker systems with growth and collapse of chimney structures on a growing sulfide talus mound. At the base of the Sulphur Springs deposit, sulfide textures indicate temperature-related zone refining, widespread recrystallization, and brecciation of earlier precipitated sulfide phases, similar to textures described by Eldridge et al. (1983) for the Kuroko deposits. Vearncombe (1995) interpreted these basal textures in terms of multiple waxing and waning pulses of hydrothermal activity within the overarching waxing and waning cycle of the entire VHMS hydrothermal system. The fluids responsible for reworking and replacing the basal ore zones also progressively altered and replaced the footwall volcanic rocks at the volcanic-massive sulfide interface resulting in the subseafloor mineralization (Vearncombe, 1995; Morant, 1998) .
The granophyric brine was saturated with halite at the time it was trapped in inclusions, resulting in a fluid with densities up to 2.0 g/cm 3 . The direct exsolution of a brine phase from the crystallizing granite has important implications for the role of the Strelley Granite in the formation of the overlying VHMS deposits. As the magmatic brine phase contained several hundred parts per million concentrations of the ore metals Zn, Pb, and Cu (Table 6 ), the potential existed for the magmatic brines to have contributed significant amounts of Zn, Pb, and Cu, among other metals, to the overlying VHMS hydrothermal system. However, due to the high density and high temperature of the magmatic brine phase, relative to the overlying VHMS hydrological regime, the magmatic brine phase would tend to resist migration away from the immediate vicinity of the magma chamber ( Fig. 11A ; Henley and McNabb, 1978; Candela, 1997) . The only reasonable model to incorporate the magmatic brine phase into the overlying seawater-dominated VHMS hydrothermal system invokes catastrophic failure of the roof rocks, forcefully propelling the brine upward (Rye, 1993; Candela, 1997) . However, no evidence, such as collapse breccias, exists within the Panorama VHMS district to support this scenario.
Intrusion of inner-phase monzogranite: As the ages of the two phases of the Strelley Monzogranite are indistinguishable and field relationships suggest that the inner phase intruded while the outer phase was still hot, the inner phase intruded as outer-phase-driven seawater convection continued in the overlying volcanic pile (Fig. 11B) . Addition of heat during the intrusion of the inner phase probably rejuvenated convection. This intrusion also appears to have domed the outer phase, producing a radial fracture set that was exploited by magmatic-hydrothermal fluids as they exsolved from the crystallizing inner-phase monzogranite. Through wall-rock reactions, cooling, and mixing with seawater-derived circulating hydrothermal fluids, a spectrum of vein types was produced. These veins are zoned, with greisen bodies localized in the upper part of the inner-phase and lower part of the outer-phase monzogranite, vein greisens located in the central part of the outer-phase monzogranite, and Cu-Zn-Sn veins present in the upper part of the outer-phase monzogranite and the granophyric granite. The Cu-Zn-Sn veins, which stop within meters of the contact between the granopyric granite and the volcanic pile, are most extensively developed between the Sulphur Springs and Kangaroo Caves discharge zones. The greisens, greisen veins, and Cu-Zn-Sn veins cut feldspar-bearing quartz-chlorite-carbonate ("background")−altered granite. A fourth type of granite hosted veins, quartz-pyrite veins, is localized below the Kangaroo Caves discharge zone and hosted by feldspar-destructive quartz-sericite−altered outerphase granite.
As high-temperature (600°C), highly saline fluids evolved from the inner-phase monzogranite, they formed endocontact quartz-topaz-muscovite greisen and the exocontact quartzfluorite-muscovite greisen bodies immediately above the inner-phase−outer-phase granite contact (Fig. 11B) . These high-temperature fluids are interpreted as nearly end-member magmatic-hydrothermal fluids as their chemistry is similar to that of magmatic fluids trapped in magmatic quartz from the granophyric granite, and as stable isotope data overlap magmatic fluids in equilibrium with arc and crustal felsic magmas (Fig. 12) . In many magmatic systems, greisens are considered to represent the magmatic to hydrothermal fluid transition (Haapala, 1997; Thomas and Klemm, 1997) .
As these saline magmatic fluids moved upsection, initial incorporation of evolved seawater from the overlying convective cell resulted in the deposition of vein greisens. This interpretation is supported by a decrease in δ 18 O H 2 O relative to greisens lower in the granite body. As the fluids moved toward the top of the outer-phase monzogranite, the incorporation of more evolved seawater resulted in the deposition of the Cu-Zn-Sn veins. These veins formed from moderate-temperature (homogenization temperatures: 160°−325°C) H 2 O-CO 2 -NaCl-KCl-CaCl 2 fluids with variable salinity that were enriched in Cu, Fe, Pb, Zn, Sn, and S. The trend toward lower δ 18 O H 2 O and the variable salinity suggest increasing incorporation of evolved seawater (Fig. 12) . The inverse correlation between Cu and Mn/Fe in fluid inclusions (Fig. 10 is also a likely consequence of the mixing of magmatic-hydrothermal fluids with evolved seawater.
Fluids within the volcanic pile had low salinity and δ 18 O H 2 O values, suggesting that magmatic fluids did not enter the volcanic pile or that they were swamped by convecting evolved seawater. Two mechanisms may have isolated the magmatichydrothermal system from the convecting seawater system: (1) the high density of magmatic-hydrothermal fluids, or (2) the development of an impermeable cap in the volcanic pile just above the granite. Density estimates from fluid inclusion data suggest that magmatic-hydrothermal fluids that evolved from the Strelley Monzogranite had densities in excess of 1.4 g/cm 3 , significantly higher than that of evolved seawater in the overlying convecting cell. Hence, although the magmatichydrothermal fluid would have risen through the granite, it would have been negatively buoyant relative to the overlying convection cell, leading to ponding and mixing with evolved seawater drawn into the top of the Strelley Monzogranite from the overlying circulation cell along joints produced by the doming of the outer-phase monzogranite. This mixing (Fig. 11B) (Fig. 12) .
The apparent separation between the magmatic-hydrothermal-and evolved seawater-dominated parts of the Panorama hydrothermal system may also have been enhanced by the development of an impermeable cap at the base of the volcanic pile. Based on a review of regional alteration zones in VHMS districts, Galley (1993) suggested that in many districts an impermeable zone forms above granites. Although no direct evidence of such a zone exists in the Panorama district, this mechanism may have separated seawater-dominated from magmatic-hydrothermal systems, with mixing only occurring in the upper part of the granite when the impermeable zone was breached by fracturing.
Of the granite-hosted vein sets, the most problematic to interpret are quartz-pyrite veins. Although these veins are spatially associated with feldspar-destructive sericite-quartz alteration zones within the granite, they formed from fluids with a similar composition to fluid that deposited quartzcarbonate-pyrite veins in the volcanic pile. Owing to these similarities, these veins and the associated alteration assemblage are interpreted to be the consequence of the collapse of the Panorama hydrothermal system and are discussed below.
Our results and the model presented above suggest that only minor quantities of magmatic-hydrothermal fluids were incorporated into the evolved seawater-dominated hydrothermal fluid that formed the Sulphur Springs and Kangaroo Cave VHMS deposits. Therefore, while the heat generated by intrusion of the inner-phase granite did reinvigorate VHMS hydrothermal convection within the volcanic strata, it did not contribute significant metal to the convection cell. Geochemical mass transfer modeling by Brauhart et al. (2001) indicated high-temperature chlorite-quartz alteration zones, formed during main-stage hydrothermal convection, were leached of nearly all of their original Zn, Cu, and Pb, and that the metal leached more than accounted for the metal present in both major VHMS deposits.
Collapse of monzogranite-driven hydrothermal activity:
The quartz-carbonate-pyrite veins that formed in the volcanic pile were deposited from low-temperature (165°−225°C) fluids with salinities and isotopic compositions similar to Paleoarchean seawater. The presence of narrow chloritic alteration selvages that alter chlorite-quartz assemblages in the volcanic sequence suggests that these veins were either synchronous with or postdated main-stage seawater convection (Fig. 11C) . Narrow quartz-carbonate veins also cut the stringers associated with massive sulfide deposits at Kangaroo Caves and Sulphur Springs, suggesting that these veins most likely formed during the waning stages of hydrothermal activity. Consequently, these veins are interpreted as evidence of seawater ingression into the volcanic pile as the hydrothermal system collapsed (Fig. 11C) .
Quartz-pyrite veins in the upper part of the outer-phase granite have broadly similar mineralogy and formed from similar fluids to the quartz-carbonate-pyrite veins in the volcanic pile. Hence, we interpret that these granite-hosted veins also formed late, as the hydrothermal system collapsed (Fig. 11C) . However, the granite-hosted quartz-pyrite veins are associated with an extensive feldspar-destructive quartzsericite alteration zone that is characterized by whole rock δ 18 O values that are moderately higher than the surrounding granite and significantly higher than the overlying chloritequartz−altered volcanic rocks. This contrasts with the quartzcarbonate-pyrite veins in the volcanic pile, which are not associated with extensive alteration zones and have not isotopically affected δ 18 O zonation that developed during mainstage evolved seawater circulation (Brauhart et al., 2000) . These relationships lead to the counterintuitive conclusion that collapse of the hydrothermal system had relatively little effect on the volcanic pile but a major effect on certain zones within the granite.
The largest zone of quartz-pyrite veins and related quartzsericite−altered rocks in the granite is spatially associated with synvolcanic faults that localized hydrothermal discharge to form the Kangaroo Caves deposit (Fig. 11C) . Relatively cool seawater is inferred to have moved down these faults, with minimal effect on the surrounding volcanic pile. When these fluids entered the granite, the change in rock type and mixing with fluid resident in the granite resulted in extensive vein formation and wall-rock alteration. This low-temperature alteration enriched the granite in 18 O, producing the granite-hosted enriched δ 18 O zones observed by Brauhart et al. (2000) . Hence, the greatest effect of the collapse of the hydrothermal system was on the granite and not the overlying volcanic pile.
The role of phase separation and fluid mixing
Although deep-seated, subseafloor phase separation is well documented in modern seafloor hydrothermal systems (e.g., Butterfield et al., 1990; Von Damm, 1990) , fluid inclusion evidence for phase separation in an ancient VHMS system is rare. Data from the Kangaroo Caves sulfide lens suggests that phase separation may have occurred somewhere in the Panorama seawater convection system. Although only two samples of the massive sulfide ore lens held primary fluid inclusions, each sample yielded different trends on a T h(total)(L) -T m(ice) diagram (Fig. 13) . The sample containing abundant PANORAMA VHMS HYDROTHERMAL SYSTEM, N. PILBARA CRATON, WA chalcopyrite and pyrite shows variable T h(total)(L) over a narrow range of T m(ice), which can be interpreted as either simple cooling or as mixing between a high-and low-temperature fluid with similar salinities, possibly as the result of mixing with ambient seawater.
In contrast, fluid inclusion data from the sample with abundant sphalerite exhibits scatter in both the Th(total)(L) and T m(ice) data, which can be interpreted as mixing between a lowsalinity fluid with a higher salinity fluid, either the fluid defined by the chalcopyrite-rich sample or ambient seawater (Fig. 13) . The higher salinity is interpreted as the main ore fluid. Mechanisms to produce a low-salinity fluid in a modern seafloor hydrothermal system, which is dominated by evolved seawater, with the possibility of minor magmatic-hydrothermal fluid, are limited, with the most likely mechanism being phase separation. This process produces both a fluid with near sea water salinity and a second low-salinity fluid, both of which vent in modern black smoker fields. In modern venting seafloor hydrothermal systems, the low-salinity fluid is liquid, and not vapor, indicating that the vapor produced by boiling condensed (and mixed with evolved seawater) during ascent to the seafloor. Although this mechanism is preferred for the Panorama paleohydrothermal system, our fluid inclusion data do not allow the location of the inferred phase separation to be determined, so boiling at the site of ore deposition is possible.
Conclusions
The Panorama hydrothermal system can be divided into two distinct, though contemporaneous, parts. The upper part, which is mostly located in the volcanic pile underlying the VHMS deposits, was dominated by evolved seawater with no evidence for a significant magmatic-hydrothermal component. This low-to moderate-salinity fluid, which produced a vertically zoned alteration pattern from low-temperature, K-feldspar ± sericite-bearing assemblages through to hightemperature chlorite-quartz assemblages at the base of the volcanic pile, leached base metals from the volcanic pile and deposited them in VHMS deposits at the upper contact with turbiditic sedimentary rocks. Variable salinities, in combination with evidence for mixing of low-and moderate-salinity fluids in the massive sulfide lens, is interpreted to indicate boiling, most likely deep in the volcanic pile.
The lower part of the hydrothermal system was virtually confined to the polyphase Strelley Monzogranite, a subvolcanic sill that intruded the base of the volcanic pile. This part of the hydrothermal system was dominated by moderate-to high-salinity fluids that produced greisens, Cu-Zn-Sn veins, and quartz-chalcopyrite veins. Based on salinity, isotopic and chemical composition, these fluids are interpreted as magmatic-hydrothermal fluids, released in two pulses associated with emplacement of the two phases of the Strelley Monzogranite. The second pulse, associated with the inner phase, was most extensive, producing a zoned vein system, grading from quartz-topaz greisen within the inner phase, through vein-like greisen in the outer phase, to Cu-Zn-Sn veins near the contact with the volcanic pile. Isotopic and compositional data suggest that the Cu-Zn-Sn veins were the result of mixing of a upwardly migrating magmatic-hydrothermal fluid with evolved seawater.
The apparent separation of the Panorama hydrothermal system is either due to the swamping of magmatic-hydrothermal fluids by evolved seawater in the volcanic pile, or to physical barriers such as density contrasts or impermeable zones at the base of the volcanic pile. In any case, magmatic-hydrothermal fluids did not play a significant role in the formation of the Panorama VHMS deposits; rather interaction between evolving seawater in the volcanic pile provided more than enough metals to form the known deposits.
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APPENDIX 1 Methods Used for Fluid Inclusion and Stable Isotope Analyses
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Hydrogen isotope analysis
Hydrogen isotope analyses of fluid inclusion waters and mineral separates were performed using the procedure of Vennemann and O'Neil (1993) . After evacuation overnight, quartz samples were heated to 150°C for at least 2 h under vacuum to remove adhered water. The fluid inclusions were then thermally decrepitated in vacuo using a resistance furnace. The CH 4 liberated from the fluid inclusions was converted to CO 2 by passing over hot CuO wire, and condensable phases were condensed using liquid N 2 prior to pumping off noncondensable gases. After the condensed phases were heated, CO 2 was distilled off the H 2 O using ethanol slush (−70° to −90°C). This CO 2 was analyzed and δ 13 C results can be found in Drieberg (2003) . The remaining water was converted to H 2 and analyzed as described below.
For hydrogen isotope analysis of phyllosilicates, ~50 mg of sample was evacuated overnight and then heated at 110°C for an additional 2 h to remove adsorbed water. Structural water was removed by heating the sample under vacuum with an oxy-acetylene torch until the sample glowed white hot (T >1,400°C) and an inline manometer recorded no further pressure changes. Any H 2 formed by reaction of released H 2 O with Fe in the sample (e.g., Kyser and O'Neil, 1984) was oxidized by CuO at 700°C. The released volatiles were cleaned and collected as outlined above. Conversion of H 2 O to H 2 for analysis for both fluid inclusion and mineral separate samples was done using Indiana zinc as described by Vennemann and O'Neil (1993) . Analytical uncertainties in δD (1σ) are estimated at ±1.0‰ for mineral analyses and ±3.1‰ for fluid inclusion analyses based on analyses of an internal kaolinite standard and replicate analyses of Panorama fluid inclusion samples, respectively.
